In this study, we employed a panel of cell lines to determine whether p53-dependent cell death in neuroblastoma (NB) cells is caused by apoptotic cellular function, and we further studied the molecular mechanism of apoptosis induced via the p53-dependent pathway. We obtained evidence that a type of p53-dependent stress, doxorubicin (Doxo) administration, causes accumulation of p53 in the nucleus of NB cells and phosphorylation of several serine residues in both Doxo-sensitive and -resistant cell lines. Upregulation of p53-downstream molecules in cells and upregulation of Noxa in the mitochondrial fraction were observed only in Doxo-sensitive NB cells. Significance of Noxa in the Doxo-induced NB cell death was confirmed by Noxa-knockdown experiments. Mitochondrial dysfunction, including cytochrome-c release and membrane potential disregulation, occurred and resulted in the activation of the intrinsic caspase pathway. However, in the Doxo-resistant cells, the accumulation in the nucleus and phosphorylation of p53 did not induce p53-downstream p21
Introduction
Neuroblastoma (NB) is the most common pediatric solid malignant tumor derived from the sympathetic nervous system. Unlike the many childhood malignancies for which survival has been improved by recent therapies, high-risk NB is still one of the most difficult tumors to cure, with only 30% long-term survival despite intensive multimodal therapy. New treatments and a better understanding of drug resistance mechanisms are required for the improvement of the survival rate. A noteworthy finding of NB research is that mutations of p53 tumor suppressor have been reported in less than 2% of NBs out of 340 tested (Tweddle et al., 2001) . Instead of mutation, cytoplasmic sequestration of p53 has been proposed as an alternative mechanism of inactivation in NB cells. The sequestration was first detected in frozen tumor samples using immunohistochemical techniques (Moll et al., 1995) and later in NB cell lines by immunofluorescence and cell fractionation experiments (Moll et al., 1996) . However, several groups reported nuclear p53 accumulation in NB cells harboring wild-type p53 after DNA damage (Tweddle et al., 2003) . After nuclear accumulation, p53 phosphorylation, binding to targeted sequences and transcriptional transactivation are sequentially induced by DNA damage in p53 wild-type cells (Oren, 1999) . However, these processes in NB cells harboring wild-type p53 have not been examined with respect to the role of p53 pathways in the tumorigenesis of NB. Their examination should also yield insights into the molecular mechanisms of p53 inactivation. For instance, upregulation of the p53-downstream genes encoding p21
Cip1/Waf1 and HDM2 in p53 wild-type NB cell lines was observed in several studies (Isaacs et al., 2001; Keshelava et al., 2001; Tweddle et al., 2001) but not all (Wolff et al., 2001) . Reporter gene assays detected p53 transcriptional function in one study (Keshelava et al., 2001) but not in another (Wolff et al., 2001) . Together, these facts indicate that systematic and detailed analysis of the biological effects of p53-dependent stress on the cell death of NB cells and of the mechanisms of activation and signal transduction of p53-related pathways in NB cells are required for understanding the mechanism of drug resistance and for the development of new therapies for high-risk NB patients.
The Bcl-2 family member proteins regulate mitochondrial cell death by controlling mitochondrial outer membrane permeabilization (MOMP). Anti-apoptotic Bcl-2 family members (for example, Bcl-2, Bcl-xL, Bcl-w and Mcl-1) function to block MOMP, whereas the various pro-apoptotic proteins promote it. The proapoptotic proteins fall into two general subfamilies, based on the sharing of Bcl-2 homology domains. BH123 proteins appear to be effectors of MOMP, because cells from mice lacking the two major BH123 proteins, Bax and Bak, fail to undergo MOMP in response to a wide range of apoptotic stresses (Wei et al., 2001) . The other subfamily, the BH3-only proteins, can act either to activate Bax or Bak or to interfere with the anti-apoptotic Bcl-2 family members (Letai et al., 2002) . Noxa is a BH3-only member of Bcl-2 family proteins and its expression is induced by DNA damage such as that caused by etoposide or doxorubicin in a p53-dependent manner Shibue et al., 2003) . Furthermore, several lines of evidence reported that Noxa is one of the most important cell death effectors in neuronal cell death, for example, nuclear factor-kappa B modulated cell death in mouse cortical neurons (Aleyasin et al., 2004) , axotomized motor neurons of adult mouse (Kiryu-Seo et al., 2005) , sensory neurons especially in trigeminal ganglia and cervical dorsal ganglia (Hudson et al., 2005) and arsenite-induced cortical neurons (Wong et al., 2005) .
These results have led us to study the role and molecular machinery of p53-dependent cell death in NB by utilizing several p53 wild-type NB cell lines. We studied the sensitivities of NB cell lines to doxorubicin (Doxo), which is a representative cytotoxic drug against NB cells (Matthay et al., 1998) that induces stresses that are basically dependent on p53 (Lowe et al., 1994) , and transactivates p53 and its downstream effectors in many tissues (Komarova et al., 1997) . In sensitive NB cells, the following important findings were observed after Doxo treatment: (1) accumulation of p53 in the nucleus; (2) activation of the p53-downstream molecules; (3) proapoptotic BH3-only Bcl-2 family protein Noxa induction and upregulation in mitochondria resulting in mitochondrial dysfunction/intrinsic caspase-derived apoptosis. Although p53 accumulated in the nucleus before Doxo treatment, the downstream molecules were not induced and the upregulation of Noxa in mitochondria was not observed in the Doxo-resistant NB cells. Consequently, the crucial role of the p53 pathway in apoptosis in NB cells was indicated by our observations.
Results
Heterogeneity of response to p53-dependent death signals in NB cell lines harboring wild-type p53 We chose 0.5 mg/ml of Doxo as an appropriate concentration to assess the effect of Doxo on NB cells according to the results of the analysis of peak plasma concentrations of doxorubicin (Hempel et al., 2002) . Similar results were obtained by 0.3-1.0 mg/ml of Doxo in the following experiments (data not shown). Trypan blue uptake assays were performed to compare the Doxo sensitivity of NB cell lines harboring wild-type p53 (Figure 1a ). More than 60% of cells were Trypan blue-positive for the SH-SY5Y, NB9, NB69 and SK-N-SH NB cell lines 36 h after Doxo stimulation. On the other hand, less than 40% of cells were positive in NB-19 and NB1 cell lines and less than 10% in IMR32 cells even 36 h after Doxo stimulation.
Next, we performed WST-8 assay, a modification of MTT assay, to evaluate cytotoxicity on NB cells (Figure 1b) . We confirmed the sensitivity of NB cells to Doxo by these experiments and also studied the effects of etoposide, the other p53-dependent damageinducing reagent, on NB cells. Etoposide was effectively cytotoxic on the Doxo-sensitive SK-N-SH, SH-SY5Y, NB-9 and NB-69 cells. In the Doxo-resistant NB cells, IMR32 and NB-1 cells also possessed drug resistance against etoposide, whereas NB-19 cells had sensitivity.
FACS analysis of sub-G 0 /G 1 cells showed that considerable percentages of cells underwent apoptosis 24 h after the Doxo treatment in SH-SY5Y, NB-9, NB-69 and SK-N-SH ( Figure 1c) . However, the proportions of apoptotic cells were significantly lower in NB-19, NB-1 and IMR32 than in the four Doxo-sensitive NB cell lines. In SK-N-SH and SH-SY5Y cells, the increase of the sub-G 0 /G 1 fraction after Doxo treatment was confirmed by the condensation and fragmentation of nuclei ( Figure 1d ). In contrast, almost all of the nuclei were intact in the resistant IMR32 and NB-1 cells. Thus, Doxo-induced stresses resulted in apoptosis in some NB cells, whereas others were resistant (Figure 1 ).
Upregulation and nuclear accumulation of p53 are not enough to induce apoptosis by Doxo treatment To study the basis of the different sensitivities of NB cells to p53-dependent stress, we first performed direct western blot analysis using a monoclonal antibody recognizing the p53 N terminus (DO1) to estimate the total amount of p53. We also used antibodies that specifically react with phosphorylated serine residues (Ser15, Ser20 and Ser46) to examine the modulation of the stability and/or activity of p53 in response to DNA damage.
The amount of p53 was clearly increased by Doxo in the Doxo-sensitive NB cells, as detected with DO1 antibody (Figure 2a ). p53 accumulation was observed in the Doxo-resistant IMR32 and NB-19 cells before treatment; serine15 phosphorylation was induced in all the NB cells after Doxo exposure. Upregulation of serine46 phosphorylation was also observed in the NB cell lines, except for IMR32 and SH-SY5Y cells. On the other hand, ser20 phosphorylation was not strongly upregulated in any of the lines. Consistent with previous reports, RT-PCR analysis showed that the induction of p53 protein by Doxo treatment in sensitive-NB cells was not caused at the transcriptional level (Figure 2b ). Thus, it appears that the upregulation of p53 protein in Doxotreated NB cells seemed to be caused by protein stabilization.
Next, we investigated the localization of p53 in NB cells, using DO1 as a human p53-specific antibody reacting with amino acids 21-25, pAb421 as a pan-p53 antibody reacting with the human p53 amino acids 370-378 and 16G8 as an anti-phosphorylated p53ser15 antibody. Staining with pAb421 antibody revealed that the punctate cytoplasmic signal was upregulated in both Doxo-sensitive and -resistant NB cells after Doxo exposure (Figure 2c ). DO1 antibody showed both nuclear and cytoplasmic staining before treatment, and remarkable accumulation into the nucleus was induced by Doxo in these four NB cell lines. Although ser15 phosphorylation was hardly detected before treatment, the phosphorylation was remarkably upregulated by Doxo in SK-N-SH, NB-9 and NB-19 cells. In IMR32 cells, p53ser15 phosphorylation was modestly upregulated. The ser15-phosphorylated p53 accumulated to a much greater degree in the nucleus than in the cytoplasm after Doxo treatment. The use of several different fixation methods and modification of the first antibody concentration did not influence the results of immunofluorescence. Moreover, p53 wild-type MCF7 cells showed similar staining results with these antibodies (data not shown). To investigate the observed discrepancy of p53 localization among the three monoclonal antibodies in the immunofluorescence experiments, we performed cell fractionation experiments ( Figure 2d ). All of the p53 signals were detected only in the nucleus before the treatment, and the upregulated signals induced by Doxo also accumulated in the nucleus rather than in the cytoplasm. The controls for fractionation, the nuclear marker lamin and cytoplasmic marker b-tubulin, were detected in the proper fractions and the amounts were not changed by Doxo treatment. These results show that the p53-dependent Doxo-stress increased the amount of p53 and induced the accumulation of p53 in the nucleus in both Doxo-sensitive and -resistant NB cells.
Activity of p53 as a transcriptional factor is required for Doxo-induced NB apoptosis
We then assessed the induction of p53-downstream molecules by Doxo. As shown in Figure 3a , exposure to Doxo induced remarkable p21
Cip1/Waf1 protein accumulation in the sensitive cells but not in the resistant cells, and this induction was caused at the transcriptional level ( Figure 3b ). HDM2 was similarly induced by Doxo treatment in the sensitive cells. However, HDM2 mRNA accumulated in the resistant cells before Doxo treatment and did not change subsequently (Figure 3b ), which is consistent with its protein accumulation ( Figure 3a) . These results indicate that the Doxo-induced cellular stress can effectively induce the p53 transcriptional activities in Doxo-sensitive NB cells but not in the resistant cells.
Doxo treatment induces synthesis of pro-apoptotic Noxa in the sensitive NB cells but not in the resistant cells Next, we studied the expression of Bcl-2 family proteins in the NB cells, because regulation of the Bcl-2 family proteins by p53 is known to be the main component of p53-dependent apoptosis (Shen and White, 2001 ). The pro-apoptotic Bcl-2 family proteins Bax, Bak and Bok were not modified by Doxo in the NB cells ( Figure 3a) . Expression of Puma and p53AIP1 was also not affected by Doxo treatment (data not shown). It is interesting that Noxa was substantially induced only in the sensitive cells but not in the resistant cells. Although there was a considerable difference in the amount of anti-apoptotic Bcl-2 among the NB cells, its expression seemed not to be related to the Doxo sensitivity. The other antiapoptotic Bcl-2 family protein Bcl-xL was not detected in any of the NB cells (data not shown). To assess whether the induction of Noxa is regulated at the transcriptional level, we performed semi-quantitative RT-PCR analysis. Consistent with the results of the western blot analysis, the mRNA amount of Noxa was clearly upregulated by Doxo treatment in the Doxosensitive SK-N-SH cells (Figure 3b) . Meanwhile, the accumulation of Noxa mRNA expression was detected in the resistant cells ( Figure 3b ) and confirmed by quantitative real-time PCR analysis ( Figure 3c ). However, Noxa mRNA was not increased by Doxo treatment in the resistant cells ( Figure 3b ).
Noxa accumulation in mitochondria is not sufficient to induce apoptosis in NB cells
A recent report demonstrated that Noxa and Bok were induced by DNA stress dependent upon the p53 pathway in the SH-SY5Y cell line (Yakovlev et al., 2004) . However, only Noxa upregulation was detected in the present study in the sensitive NB cell lines. Interestingly, larger amounts of Noxa were observed in the Doxoresistant NB lines (IMR32 and NB-19) compared with the sensitive lines (SK-N-SH and NB-9). Since the organelle-specific amounts of the pro-apoptotic Bcl-2 family protein and its ratio to anti-apoptotic Bcl-2 family proteins in mitochondria are reported to determine cell fate in mitochondria-dependent apoptosis (Nakazawa et al., 2003; Danial and Korsmeyer, 2004) , we studied the amounts of Noxa in mitochondria by cell fractionation/ western blot analysis ( Figure 4A ). The amounts of Noxa in mitochondria were apparently upregulated in the sensitive cells. Densitometric analysis revealed that the Doxo-treatment increased the content of Noxa 10.3-fold in SK-N-SH cells and 16.6-fold in NB-9 cells compared to that before stimulation. On the other hand, Noxa was accumulated at higher levels in mitochondria of the resistant cells compared with the sensitive cells before Doxo treatment, and was not further increased by Doxo treatment. There were no significant differences in the amounts of Bcl-2 in the presence or absence of Doxo between the sensitive and resistant cells. Bcl-xL was not detected even by the fractionation experiments (not shown). The localization of trifunctional protein in mitochondria (Kamijo et al., 1993) and b-tubulin in the cytosol confirmed the reliability of the fractionation procedures. Importantly, similar results on the Noxa kinetics in mitochondria were observed after the treatment by etoposide, the other p53-dependent damageinducing anticancer drug in NB cells ( Figure 4B ). Consistent with the results of WST-8 assay (Figure 1b) , Noxa upregulation in mitochondria was observed in etoposide-sensitive SK-N-SH, NB-9 and NB-19 cells but not in IMR32 cells. These results suggest that the ratio of pro-to anti-apoptotic molecules such as Noxa/Bcl-2 has a strong impact on the p53-dependent damage-induced apoptosis in NB cells. Next, we assessed Noxa mRNA amounts in NB tumor samples by semi-quantitative RT-PCR ( Figure 4C ) and quantitative real-time reverse transcriptional (RT)-PCR ( Figure 4D ). Consistent with the upregulation of Noxa mRNA in the resistant cell lines (Figures 3b and c) , some unfavorable NB samples expressed large amounts of Noxa mRNA ( Figure 4C ). Especially, high levels of Noxa mRNA expression were significantly associated with INSS3 and INSS4 samples that were younger than 12 months old (P ¼ 0.04) according to the Welch test ( Figure 4D ). In the NB samples that were older than 12 months old, no obvious difference was detected, mainly due to the high expression of Noxa in INSS 1 samples. Although we checked the correlation of MYCN and Noxa mRNA expression, there was no significant correlation (data not shown).
Knockdown of Noxa effectively reduces Doxo-induced cell death in NB cells
To definitively establish a role of Noxa in Doxo-induced cell death in NB cells, both of the sensitive SK-N-SH cells and the resistant IMR32 cells were treated with Noxa small interfering RNA (siRNA) and then the NB cells had Doxo administered. Preincubation of the NB cells with the Noxa siRNA but not control siRNA effectively reduced the Noxa mRNA and also protein amounts in SK-N-SH cells (Figures 5a and b) . Since the effectiveness of Noxa siRNA1 is better than that of Noxa siRNA2, we used Noxa siRNA1 for later experiments. The Noxa siRNA1 did not affect the proapoptotic Bcl-2 family molecules (Bax and Bak), an important inhibitor of apoptosis p21
Cip1/Waf1 and interferon-a (Figure 5c ), suggesting that the knockdown seems to have a specific effect on Noxa. The ability of the Noxa siRNA to reduce the Noxa mRNA amounts was accompanied by a significant reduction in the were collected 48 h after siRNA treatment and 30 mg of proteins was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)/western blot analysis. Lanes 1 and 2 were nontreated IMR32 and NB-19 cells, respectively, as controls. (c) Forty-eight hours after the siRNA treatment, cells were treated with 0.5 mg/ml Doxo. Twenty-four hours after Doxo administration, SK-N-SH (lanes 1 and 2) and IMR32 (lanes 3 and 4) cells were collected and subjected to cDNA synthesis/semi-quantitative RT-PCR for the analysis of the molecules indicated at the left side of panel. Lanes 1 and 3 are control siRNA treated, and lanes 2 and 4 are Noxa siRNA1 treated. (d and e) Forty-eight hours after the siRNA treatment, cells were treated with 0.5 mg/ml Doxo. Twentyfour hours after Doxo administration, the culture dish-attached SK-N-SH and IMR32 cells were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI) and nuclear morphology was analysed. The floating cells were collected and subjected to Trypan blue uptake analysis. Trypan blue-positive cells were counted as 'dead cells.' Noxa regulates neuroblastoma cell death K Kurata et al apoptotic morphological change of nuclei (nuclear condensation and fragmentation, Figure 5c ) and cell death (Figure 5d ) in the Doxo-sensitive SK-N-SH cells but not in the resistant IMR32 cells.
Doxo-induced stress induces mitochondrial dysfunction and activates the intrinsic caspase pathway Next, we evaluated mitochondria homeostasis and activation of caspase pathways in NB cells. First, we investigated the role of mitochondrial membrane potential in Doxo-induced apoptosis. Mitochondrial membrane potential was assessed 10 h after Doxo stimulation by staining with the mitochondrion-selective dye, MitoTracker. Doxo-sensitive cells exhibited substantial mitochondrial depolarization, as evidenced by the loss of MitoTracker staining (Figure 6a ). In contrast, depolarization was not induced by Doxo in the resistant cells. Next, immunofluorescence experiments showed that cytochrome-c was clearly released from mitochondria in the sensitive cells but not in the resistant cells (Figure 6b , Doxo-treated cells, 'Cyto. C' panels). Nuclear condensation was especially observed in the cells from which large amounts of cytochrome-c were released (Doxo-treated cells, 'Nuc' panels). These results suggest that mitochondrial dysfunction plays a pivotal role in Doxo-induced apoptosis in NB cells. The central component of apoptosis is a proteolytic system involving a family of proteases called caspases (Green, 2000) . As shown in Figure 6c , pro-caspase-9 cleavage was observed in the Doxo-sensitive cells, but not in the resistant cells 12 h after exposure to Doxo. The substrates of the activated caspase-9, pro-caspase-3 and -7 were also cleaved in the Doxo-sensitive cells. These findings suggest that apoptotic signals induced by Doxo activate the intrinsic caspase pathway via a mitochondrial pathway in NB cells, resulting in cell death of the Doxo-sensitive NB cells. Meanwhile, the resistant cells showed no activation of these initiator (caspase-9) and effector (caspase-3 and/or -7) caspases.
Discussion
Human Noxa is located on chromosome 18q21 and its promoter region contains a p53-responsive element . The expression of p53 increases human Noxa mRNA, and ectopic expression of Noxa effectively induces apoptosis in a BH3-motif-dependent manner . In the present study, we observed that Doxo-sensitive NB cells exhibited the Noxa mRNA/protein induction and protein localization into mitochondria after the treatment with Doxo, leading to an increase in the ratio of pro-/anti-apoptotic Bcl-2 family proteins. Mitochondrial dysfunction and intrinsic caspase-mediated apoptosis were also induced in the sensitive cells. Notably, apoptosis was almost completely canceled by the knockdown of Noxa by siRNA, confirming the importance of Noxa in the Doxo-induced apoptosis of NB cells. Taken together, these findings indicate that the Noxa upregulation in mitochondria may play an important role in Doxoinduced apoptosis in NB cells. A previous study described that Noxa and Bok were induced by etoposide, and Noxa siRNA treatment reduced etoposideinduced cell death in SH-SY5Y NB cells (Yakovlev et al., 2004) . Furthermore, Obexer et al. (2007) reported that Noxa and Bim are effectors of FKHRL-1-induced apoptosis in NB cells. Since we also observed the upregulation of Noxa in mitochondria by Doxo or etoposide treatment, Noxa seems to be one of the important effectors of the pro-apoptotic signaling pathway in NB cell apoptosis.
Whereas Yakovlev et al. (2004) did not use stressresistant NB cells, the kinetics of Noxa induction in the stress-resistant NB cells was evaluated in our study. In the Doxo-resistant NB cells, exposure to Doxo failed to increase the expression of Noxa and the other downstream molecules in mitochondria, although p53 was abundant in the nucleus before Doxo exposure and some of the p53 serine residues that regulate p53 stability and activity (Shieh et al., 1997; Oda et al., 2000) were efficiently phosphorylated in the resistant cells, as well as in the sensitive cells. These results suggest that the lack of some p53 function in the resistant NB cells results in the failure of apoptosis, even under the pressure of DNA damage, such as Doxo treatment. It is of interest that the amounts of Noxa mRNA and protein in the mitochondria were much larger in the unstimulated resistant cells than in the sensitive cells but not stimulated by Doxo treatment. Alternatively, the inability to upregulate Noxa transcription in response to Doxo may be related to resistance to the anthracycline in some NB cells. Large amounts of Noxa mRNA in a part of unfavorable NB primary tumor samples ( Figure 4C ) supported the observation of inactivity of accumulated Noxa in the resistant cells. The accumulation of Noxa in unstimulated NB cells seems to be p53 independent, as it was suggested by our experiments. Although several findings suggest that Noxa is induced via a p53-independent pathway in neuronal cells (Kiryu-Seo et al., 2005; Wong et al., 2005) , the exact molecular pathway responsible for the p53-independent Noxa induction in NB remains to be elucidated. One possibility is the presence of other p53 family proteins, for example, p63 and p73 proteins in NB cells. Actually, p73-alpha is expressed in several NB cell lines, including IMR32 and NB19 cells, and p63, but not deltaNp63, is highly expressed at the transcriptional level in IMR32 cells (data not shown). The study of the physiological role of p63 and p73 proteins on Noxa expression and Doxo-induced NB cell death seems to be meaningful for research of NB cell death.
A previous report indicated that although Noxa expression mediated by adenovirus could not induce apoptosis in either wild-type or p53-knockout MEFs, its expression effectively enhanced the apoptotic response to etoposide or UV , suggesting that Noxa induces apoptosis in concert with not only p53-dependent cellular signals, but also p53-independent cellular signals. Additionally, we found a significant increase of Noxa mRNA amounts in the tumor samples 0 ,6-diamidino-2-phenylindole (DAPI). (c) Cells were collected at the indicated time points after Doxo stimulation and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)/western blot analysis. Processing of pro-caspase-9 was detected by the presence of 38/40-kDa cleaved forms. The anti-caspase-3 rabbit polyclonal antibody (BD Pharmingen) recognized the 32-kDa pro-caspase-3 and the 17-kDa cleaved form. The anti-caspase-7 mouse monoclonal antibody (clone B94-1) recognized the 35-kDa pro-caspase-7 and the 17-kDa cleaved form.
in the advanced stage (INSS3 and -4, younger than 12 months old) by quantitative real-time RT-PCR analysis ( Figure 4D ), indicating that the inactiveness of Noxa may relate to the progression in NB tumors. These observations suggest that reactivation of the accumulated Noxa in the Doxo-resistant NB cells with p53-independent stress may provide a new therapeutic approach to chemotherapy-resistant NB. Moreover, biochemical analysis of the accumulated Noxa in the mitochondria of resistant cells, for example, the analysis of Noxa-binding Bcl-2-family proteins in mitochondria, may be useful to address the mechanism of the failure of Doxo-induced apoptosis in those cells.
To address the other potential mechanisms of the resistances of DNA-damage-induced reagents in the chosen cell lines, we studied the genomic amplification of MYCN (Materials and methods), caspase-8 and P-glycoprotein mRNA expression by semi-quantitative RT-PCR (data not shown). Caspase-8 was expressed in NB-9, NB-69, SK-N-SH and NB-1 cells. However, caspase-8 seems not to have a significant role in the Doxo-induced NB apoptosis, since we could not detect its activation by western blotting (data not shown). P-glycoprotein was clearly expressed in NB-9, NB-69, SK-N-SH and NB-1 cells, but not in SH-SY5Y, NB-1, and IMR32 cells (data not shown), suggesting that pglycoprotein seems not to relate to the Doxo sensitivity of NB cells. Regarding MYCN amplification status, all the three resistant cell lines had MYCN amplification and three of four sensitive cell lines had single copy MYCN, suggesting that inactivity of p53 in the resistant cell lines may relate to the MYCN amplification. Consistent with our observation, Bell et al. (2006) reported that MYCN amplification correlates with attenuated p21
Cip1/Waf1 induction in p53 wild-type NB cells. The analysis of the molecular mechanism between MYCN amplification and p53 inactivation in NB cells may be important for NB studies.
Taken together, our findings indicate that the p53 pathway regulates NB cell apoptosis via pro-apoptotic Noxa kinetics and localization in the mitochondria. Further study of Noxa in NB may provide an important approach to develop new therapies for NB and to improve the prognosis of high-risk NB patients.
Materials and methods

Reagents and antibodies
Anti-p53 mouse monoclonal antibody (clone DO-1), anti-Bcl-2 mouse monoclonal antibody (clone C-2), anti-p21 Cip1/Waf1 mouse monoclonal antibody (clone F-5) and anti-Bad mouse monoclonal antibody (clone C-7) were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Anti-cytochrome-c mouse monoclonal antibody (clone 7H8.2C12), anti-Bcl-xL mouse monoclonal antibody (clone 2H12), anticaspase-3 rabbit polyclonal antibody, anti-caspase-7 mouse monoclonal antibody (clone B94-1) and anti-Bid rabbit polyclonal antibody were from BD PharMingen (San Diego, CA, USA). Anti-phospho-p53 rabbit serum (p53ser15p, p53ser20p and p53ser46p) and anti-phospho-p53ser15 mouse monoclonal antibody (clone 16G8) were from Cell Signaling Technology (Beverly, MA, USA). Anti-Bax and Anti-Bak rabbit polyclonal antibodies were from Upstate Biotechnology (Lake Placid, NY, USA). Anti-p53 mouse monoclonal antibody (clone pAb421), anti-p53 sheep polyclonal Antisera (Ab-7) Kit and anti-Noxa mouse monoclonal antibody (clone 114C307, for immunofluorescence analysis) were from Oncogene Research Products (Cambridge, MA, USA). Anti-Noxa rabbit polyclonal antibody (for western blotting) was from Abcam (Cambridge, UK). Anti-Bim rabbit polyclonal antibody was from Millennium Biotechnology (Ramona, CA, USA). Anti-Bok rabbit polyclonal antibody was from ABGENT (San Diego, CA, USA). Anti-caspase-9 mouse monoclonal antibody (clone 5B4) was from MBL (Nagoya, Japan). Anti-lamin monoclonal antibody (clone JOL2) was from Chemicon (Temecula, CA, USA). Anti-b-tubulin mouse monoclonal antibody (clone KMX-1) was from Roche Diagnostics (Manheim, Germany). Anti-trifunctional protein serum was prepared by rabbit immunization and affinity selection with purified trifunctional protein (Kamijo et al., 1993) . Anti-HDM2 monoclonal antibody (clone 2A10) was a generous gift from Dr Arnold J Levine, Pediatrics and Biochemistry Cancer Institute of New Jersey. Other biochemical reagents were purchased from Sigma-Aldrich Japan, or Wako (Osaka, Japan).
Cells and cell culture
We collected p53 wild-type NB cell lines to study the role of the p53 pathway in drug resistance mechanism of NB cells. SK-N-SH, NB-9, NB-19 and NB69 were obtained from Riken Cell Bank (Tsukuba, Japan). IMR32 and NB-1 were from Cell Resource Center for Biomedical Research Institute of Development, Aging and Cancer, Tohoku University. The wild-type p53-expressing SH-SY5Y line was purchased from ATCC (Manassas, VA, USA). The wild-type p53 status was demonstrated in previous reports (IMR32: Hopkins-Donaldson et al., 2002; SK-N-SH: Wolff et al., 2001) and p53 sequencing, which was performed according to the previous report (Tweddle et al., 2001) , confirmed the wild-type p53 status in these cell lines. In terms of the copy number of MYCN by Southern blot analysis, SH-SY5Y, SK-N-SH and NB-69 are single-copy NB cells; NB-9, IMR32, NB-1 and NB-19 cells have 50, >150, >150 and 25 copies, respectively (data not shown). The cells were routinely maintained with DMEM supplemented with 10% fetal bovine serum (FBS) and 1 Â penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA).
Tumor samples
Fresh, frozen tumor tissues were sent to the Division of Biochemistry, Chiba Cancer Center Research Institute, from various hospitals in Japan with informed consent from the patients' parents. All samples were obtained by surgery or biopsy and stored at À801C. More than 70% of tumor cell contents of the samples were confirmed by pathological analysis of the adjacent tissues. Studies were approved by the Institutional Review Board of the Chiba Cancer Center.
Cell proliferation assay NB cells were seeded in 96-well plates at a density of 10 4 cells/ well in a final volume of 100 ml. Twenty-four hours after seeding, the medium was removed and replaced with fresh medium or with medium containing 0.5 mg/ml of Doxo or 20 mM etoposide in a final volume of 100 ml. The culture was maintained in the 5% CO 2 for 24 h and then 10 ml of WST-8 labeling solution (Cell Counting Kit-8, DOJINDO, Kumamoto, Japan) was added, and the cells were returned to the incubator for 4 h. The absorbance of the formazan product formed was detected at 450 nm in a 96-well spectrophotometric plate reader, as per the manufacturer's protocol.
Morphological analysis of apoptosis and analysis of sub-G 0 /G 1 fraction Cells were observed using a phase-contrast microscope to assess apoptotic morphological changes and treated with 4 0 ,6-diamidino-2-phenylindole (DAPI), a DNA-staining dye, to detect the morphological characteristics of apoptotic nuclei, namely, condensation and fragmentation, after fixation with 3.7% (v/ v) formaldehyde/1 Â phosphate-buffered saline (PBS). Analysis of sub-G 0 /G 1 fraction was performed by using the method described in the previous report (Nakazawa et al., 2003) .
Immunofluorescence Fixation was performed with 3.7% (v/v) formaldehyde/ 1 Â PBS for 30 min and the permeabilization was done with 0.1% (v/v) TritonX-100/1 Â PBS for 5 min at room temperature. Cells were then stained for 1 h with the first antibody followed by a 30-min exposure to an appropriate second antibody conjugated with fluorescent dye (Alexa488 or Alexa594). DNA was visualized with DAPI or propidium iodide. Analysis by confocal laser microscopy was performed with an LSM510 system (Carl Zeiss, Oberkochen, Germany).
Cell fractionation and direct western blotting
For the isolation of the heavy membrane faction (Mito) in Figures 4A and B, 2 Â 10 6 cells were subjected to the fractionation procedure described previously (Nakazawa et al., 2003) . The resulting supernatant after isolation of Mito was referred to as the cytosol plus light membrane (Cyto) fractions.
For isolation of the nucleus (Nuc) in Figure 2d , 1 Â 10 6 cells were suspended in 0.4 ml of buffer (10 mM HEPES pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 0.5 mM DTT, 0.4 mM PMSF), and incubated on ice for 20 min. After vortexing for 1 min at the maximum setting, cells were centrifuged at 15 000 r.p.m. for 10 s, and then the supernatant was kept as cytosol (Cyto). The pellet was resuspended in 0.1 ml of buffer (20 mM HEPES pH 7.9, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 25% (v/v) glycerol, 0.5 mM DTT, 0.4 mM PMSF), and incubated on ice for 20 min. Then the cells were centrifuged at 15 000 r.p.m. for 2 min, and then the supernatant was kept as nucleus (Nuc). Direct western blotting was performed according to the previous report (Nakazawa et al., 2003) .
Preparation of mRNA and analysis of RNA expression Total RNA was extracted from NB cells using Isogen (Wako, Tokyo, Japan), and cDNA was synthesized from 1 mg of total RNA templates according to the manufacturer's protocol (RiverTra-Ace-a-RT-PCR kit, TOYOBO, Osaka, Japan).
PCR amplification of either p53 or Noxa was performed using previously reported primers (for p53 : Paull and Whikehart, 2005;  for Noxa: Ohtani et al., 2004) . The other primer sequences are listed in Table 1 . RT-PCR products (B0.5 kb) were detected by direct ethidium bromide staining after electrophoretic separation on agarose gels. RT-PCR analysis of G3PDH mRNA expression was performed as a positive control for these experiments according to the manufacturer's protocol (RiverTra-Ace -a-RT-PCR kit). Semi-quantitative RT-PCR analysis of tumor samples was performed according to the previous report (Machida et al., 2006) . The PCR amplification was performed using the above-mentioned primers for Noxa.
Quantitative real-time PCR analysis
For quantification of Noxa in primary NB samples, cDNA was synthesized with random primers Superscript II reverse transcriptase (GibcoBRL) from 15 mg of primary tumor total RNA. Noxa and GAPDH primers and probes were purchased from Applied Biosystems (Noxa Assay ID: Hs00560402_m1; GAPDH: Pre-Developed TaqMan Assay Reagents Human G3PDH). Quantitative real-time PCR analysis was performed by ABI7700 Prism sequence detector (Applied Biosystems, Foster City, CA, USA), according to the manufacturer's instructions using 1 Â TaqMan Universal PCR Master Mix. After denaturing at 951C for 10 min, PCR amplification was performed by 50 cycles of denaturation at 951C for 15 s and annealing/extension at 601C for 1 min. A quantification of Noxa mRNA in each sample was performed by comparing with the standard curve, which was generated by reacting the plasmid containing human Noxa (Hijikata et al., 1990) . Furthermore, G3PDH mRNA quantification was also performed for a standardization of the initial RNA content of each sample.
Small interference RNA transfection Noxa small interference RNAs were synthesized according to the previous experiments (Noxa siRNA1, Qin et al., 2004: 5 0 -TCAGTCTACTGATTTACTGG-3 0 ; Noxa siRNA2, Lee et al., 2005: 5 0 -AACTTCCGGCAGAAACTTCTG-3 0 ). Control siRNA (Silencer Negative Control #1 siRNA) was purchased from Ambion Inc. (Austin, TX, USA). NB cells were plated at a density of 3 Â 10 5 cells in a 3-cm-diameter dish. Small interference RNA duplexes (10 nM) were transfected with Lipofectaminet RNAiMAX in Opti-MEM medium according to the manufacturer's protocol. After 24 h, transfected cells were treated with Doxo for another 24 h.
Statistical analysis
The Welch test was used as a statistical method of parametric test to explore possible associations between Noxa expression and other factors, using StatView ver. 4.11 (Abacus Concepts 
